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Abstract.
We present direct evidence that magnetic clouds (MCs) have highly flattened and curved cross section resulting from their interaction with the ambient solar wind. Lower limits on the transverse size are obtained for three MCs observed by ACE and Ulysses from the latitudinal separation between the two spacecraft, ranging from 40
• to 70
• . The cross-section aspect ratio of the MCs is estimated to be no smaller than 6 : 1. We offer a simple model to extract the radius of curvature of the cross section, based on the elevation angle of the MC normal distributed over latitude. Application of the model to Wind observations from 1995 -1997 (close to solar minimum) shows that the cross section is bent concavely outward by a structured solar wind with a radius of curvature of ∼ 0.3 AU. Near solar maximum, MCs tend to be convex outward in the solar wind with a uniform speed; the radius of curvature is proportional to the heliographic distance of MCs, as demonstrated by Ulysses observations between 1999 and 2003. These results improve our knowledge of the global morphology of MCs in the pre-Stereo era, which is crucial for space weather prediction and heliosphere studies.
Introduction
Coronal mass ejections (CMEs) are spectacular eruptions in the solar corona. In addition to 10 15−16 g of plasma, CMEs carry a huge amount of magnetic flux and helicity into the heliosphere. Their interplanetary manifestations (ICMEs) often show a regular magnetic pattern; ICMEs with this pattern have been classified as magnetic clouds (MCs).
MCs are characterized by a strong magnetic field, a smooth and coherent rotation of the magnetic field vector, and a depressed proton temperature compared to the ambient solar wind [Burlaga et al., 1981] .
MCs drive many space weather events and affect the solar wind throughout the heliosphere, so it is important to understand their spatial structure. Most in situ observations
give information on a single line through an MC; flux-rope fitting techniques have been developed to interpret these local measurements. Cylindrically symmetric models vary from a linear force-free field [e.g., Burlaga, 1988; Lepping et al., 1990 ] to non-force-free fields with a current density dependence [e.g., Hidalgo et al., 2002a; Cid et al., 2002] .
Elliptical models take into account the expansion and distortion effect of MCs, also based on the linear force-free [Vandas and Romashets, 2003 ] and non-force-free approaches [e.g., Mulligan and Russell, 2001; Hidalgo et al., 2002b] . The Grad-Shafranov (GS) technique relaxes the force-free assumption and reconstructs the cross section of MCs in the plane perpendicular to the cloud's axis without prescribing the geometry [e.g., Hau and Sonnerup, 1999; Hu and Sonnerup, 2002] . Although useful in describing local observations, these models may significantly underestimate the true dimension, magnetic flux and helicity of MCs Dasso et al., 2005] ; the ambiguities in their results cannot X -4 LIU ET AL.: GLOBAL STRUCTURE OF MCS be removed since they involve many free parameters and assumptions. Multiple point observations are therefore required to properly invert the global structure of MCs.
Indirect evidence, both from observations and numerical simulations, suggests that MCs are highly flattened and distorted due to their interaction with the ambient solar wind.
CMEs observed at the solar limb typically have an angular width of 50 -60
• and maintain this width as they propagate through the corona [e.g., Webb et al., 1997; St. Cyr et al., 2000] . At 1 AU, this angular width would correspond to a size of ∼ 1 AU, much larger than the ICME's radial thickness of ∼ 0.2 AU [e.g., Liu et al., 2005; Liu et al., 2006a] .
Shocks driven by fast MCs have a standoff distance which is too large to be produced by a cylindrically symmetric flux rope [Russell and Mulligan, 2002] . The oblate cross section of MCs is also indicated by global magnetohydrodymic (MHD) simulations of the propagation both in a uniform [e.g., Cargill et al., 2000; Odstrcil et al., 2002; Riley et al., 2003 ] and structured solar wind [e.g., Groth et al., 2000; Odstrcil et al., 2004; Manchester et al., 2004] .
The simulated flux ropes show an interesting curvature which depends on the background solar wind state. Figure 1 shows an idealized sketch of flux ropes in the solar meridianal plane, initially having a radius r 0 = 1 r ⊙ at a height h 0 = 2 r ⊙ from the Sun, where r ⊙ represents the solar radius. This configuration corresponds to an angular extent of ∆θ = 60
• subtended by the rope. At a time t, the axis-centered distance r and polar angle φ in the flux-rope cross section translate to the heliographic distance (R) and latitude (θ) assuming kinematic evolution [Riley and Crooker, 2004; Owens et al., 2006] θ = arctan( r sin φ h 0 + r cos φ ),
where v is the solar wind speed and A = 0.1 is the ratio of the expansion speed at the rope edge (relative to the rope center) to the solar wind speed. The left flux rope is propagating into a uniform solar wind with a speed of v = 450 km s −1 , while the right one is propagating into a solar wind with a latitudinal speed gradient v = 700 sin 2 θ + 400 km From Figure 1 , we obtain a simple relationship between the latitude θ of an observing spacecraft and the normal elevation angle δ of the flux rope at the spacecraft
The radius of curvature, R c , is defined such that it is positive when the flux rope is curved latitude. Ulysses, complemented with a near-Earth spacecraft, is particularly useful for this research since it covers latitudes up to 80
• [e.g., Hammond et al., 1995; .
This paper applies the above methodology to give the first direct observational evidence for the large-scale transverse size and curvature of MCs. The data and analysis methods are described in section 2. Sections 3 and 4 give lower limits for the transverse size of MCs and study how they are curved in different solar wind states, respectively. We summarize and discuss the results in section 5.
Observations and Data Analysis
To give a meaningful measure of the transverse size, we need at least two spacecraft 
Coordination of Observations via 1-D MHD Modeling
Single-point observations can only sample MCs at a specific distance. As MCs propagate in the solar wind, they may change appreciably. Models are needed to connect observations at different spacecraft. Studies to compare ICME observations at various locations have been performed, using ICME signatures and an MHD simulation to trace their evolution model assumes spherical symmetry, so we do not expect the model output to exactly match the Ulysses data. Nevertheless, large stream structures should be similar and allow us to align these data sets.
Minimum Variance Analysis
The axis orientation of MCs is needed to specify their global structure. Minimum variance analysis (MVA) of the measured magnetic field yields useful principle axes [e.g., Sonnerup and Cahill, 1967; Sonnerup and Scheible, 1998 ]. A normal direction,n, can be identified by minimizing the deviation of the field component B m ·n from B ·n for a series of measurements of m = 1, . . . , N
where B is the average magnetic field vector. Optimizing the above equation under the constraint of |n| 2 = 1 results in the eigenvalue problem of the covariance matrix of the magnetic field Angular error estimates of the directions can be written as [Sonnerup and Scheible, 1998 ]
for i, j ∈ {x ⋆ ,ŷ ⋆ ,ẑ ⋆ } and i = j, where λ i denotes the eigenvalue of the variance matrix, and ∆ϕ ij represents the angular uncertainty of eigenvector i with respect to eigenvector j. The uncertainty of the normal elevation angle δ is
where we assume that the errors are independent.
Grad-Shafranov Technique
Initially designed for the study of the terrestrial magnetopause [e.g., Hau and Sonnerup] , the GS technique can be applied to flux-rope reconstruction [e.g., Hu and Sonnerup, 2002] . It assumes an approximate deHoffmann-Teller (HT) frame in which the electric field vanishes everywhere. Structures in such a frame obey MHD equilibrium, j × B − ∇p = 0, which can be reduced to the so-called GS equation [e.g., Sturrock, 1994 ]
by assuming a translational symmetry along the flux rope (i.e., A, which essentially requires that the same field line be crossed twice by an observing spacecraft. Once the invariant z axis is acquired, the right-hand side of equation 6 can be derived from the differentiation of the best fit of p t versus A. This best fit is assumed to hold over the entire flux-rope cross section. Away from the observation baseline, the vector potential A is calculated based on its second order Taylor expansion with respect to y. Since the integration is intrinsically a Cauchy problem, numerical singularities are generated after a certain number of steps. As a result, the transverse size is generally limited to half of the width along the observation line in the integration domain. Detailed procedures can be found in Hau and Sonnerup [1999] and Hu and Sonnerup [2002] . Here we only use this approach to determine the axis orientation of MCs and make a comparison with MVA.
Lower Limits of the Transverse Extent
Application of the criteria and restrictions given in section 2 yields three MCs observed at both ACE and Ulysses with a latitudinal separation larger than 30
• . Table 1 Table 1 . Figure 2 shows the plasma and magnetic field measurements for Case 1 in Table 1 at ACE and Ulysses separated by 38 • in latitude. Its boundaries are mainly determined from the low proton temperature combined with enhanced helium abundance. The helium enhancement has been shown to be an effective tool to trace ICMEs from 1 AU to Ulysses and Voyager 2 [e.g., Paularena et al., 2001; Richardson et al., 2002] . The MVA of the magnetic field measurements inside the MC at ACE and Ulysses gives an eigenvalue ratio λ x : λ y : λ z of 6 : 1 : 0.8 and 3.2 : 1 : 0.2, respectively. The MC has a relatively large axis elevation angle (> 40 • ) at ACE, probably due to the small separation between λ y and λ z ; the axis orientation is close to the solar equator at Ulysses. The bottom panels of This event is also associated with a small bump in the helium/proton density ratio. The eigenvalue ratio λ x : λ y : λ z determined from the MVA is 2.5 : 1 : 0.2 and 3.2 : 1 : 0.02 for ACE and Ulysses observations, respectively. It drives a forward shock at Ulysses which may also be seen at ACE, but data gaps at ACE make it difficult to locate the shock.
Again, the normalized magnetic field data inside the MC at ACE and Ulysses show a right-handed rotation in the maximum variance plane. We propagate the ACE data to Ulysses using the 1-D MHD model described in section 2. The MCs listed in Table 1 offer observational evidence for the large transverse size of ICMEs. In order to quantify the transverse size, we examine the latitudinal separation between ACE and Ulysses for these MCs. The latitudinal separation (∆θ) serves as a measure of the transverse size, S t , expressed as
where R is the heliocentric distance of the MCs at Ulysses. This equation explicitly as- size given by the above equation is much larger than the MCs' radial width obtained from their average speed multiplied by the time duration. As can seen from Figure 6 , the largest aspect ratio is 15.6 : 1. The PR event has a ratio of 2.6 : 1 since ∆θ is only 15.3
• for this case. Figure 6 reveals that the MCs have a cross section greatly elongated in the latitudinal direction.
The large transverse size can also be inferred from the shock standoff distance d ahead of fast MCs written as [Russell and Mulligan, 2002] 
, where γ = Consistent with our direct evidence, the transverse size of MCs (or ICMEs in general) could be very large.
Curvature of Magnetic Clouds
A direct consequence of the large transverse size is that MCs encounter different solar wind flows in the meridianal plane. MCs can thus be highly distorted depending on the ambient solar wind conditions. The simplified scenario described in section 1 indicates that MCs should be ideally concave outward at solar minimum and convex outward during solar maximum. This curvature effect results in an inverse correlation between δ and θ at solar minimum and a positive correlation near solar maximum as shown by equation 1.
Note, however, that this is a greatly simplified picture. In reality, the shape of MCs will be determined by the speed at which they travel with respect to the background solar wind, ambient magnetic fields, the presence of other ICMEs or obstacles nearby, and other features that are beyond the scope of this paper.
As discussed in section 2, the distortion effect by solar wind flows would be most prominent if MCs have axes close to the solar equator and perpendicular to the radial direction.
In order to have enough events for our curvature analysis, we include all the MCs whose axes lie within 30
• of the solar equatorial plane and more than 30
• away from the radial direction.
MCs in a Structured Solar Wind
Close to solar minimum, the solar wind is well ordered with fast wind originating from 
Summary and Discussion
We have investigated the transverse size and curvature of the MC cross section, based on ACE, Wind and Ulysses observations. The results provide compelling evidence that as initially proposed by Gosling and McComas [1987] and McComas et al. [1988] . The field line draping leads to favorable conditions for the formation of plasma depletion layers and mirror mode instabilities in the sheath region of fast ICMEs [Liu et al., 2006b] . A magnetic field bent southward would also allow for strong coupling between the solar wind and the magnetosphere via field line merging [Dungey, 1961] . The curvature of ICMEs could modify the shape of preceding shock fronts, affecting plasma flows and particle acceleration at the shocks.
How general ICMEs are distorted remains unaddressed. Since their magnetic field is not well organized, the difficulty resides in how to best estimate their axis orientation. Future Stereo observations will provide perspectives for their geometry and also quantitatively test our results for MCs. Figure 5 . Evolution of solar wind speed from ACE to Ulysses for the three cases in Table 1 
